We have cloned, sequenced, and characterized the complete genome of a novel human papillomavirus (HPV), candHPV62. During cloning, 2 candHPV62 viral isolates were recovered from a single cervical sample; 1 had all anticipated HPV open-reading frames (ORFs) intact, whereas the other exhibited an E1 frame-shift mutation. Further experiments indicated that the 2 strains were equivalent in abundance. It appears that an early mutation occurred within the E1 ORF, which was transcomplemented by an intact E1 protein. A search of the HPV database identified disruption of the E1 ORF in the cloned reference isolates of HPV16, HPV53, HPV56, and HPV72. These data suggest that disruption of the E1 ORF in genital HPVs is not uncommon.
Human papillomaviruses (HPVs) are a heterogeneous group of viruses with an ∼8000-bp closed-circular, double-stranded DNA genome. They infect mucosal and skin epithelium and are involved in the development of neoplastic lesions of these tissues [1] . Genital HPVs are sexually transmitted, and a subset of these is now considered to compose the etiologic agents of cervical neoplasia and cancer [2, 3] . HPVs are classified by the similarity of their genomes. A novel type is defined as a cloned HPV genome whose L1 open-reading frame (ORF) displays !90% similarity to previously designated types [4] . More than 100 putative HPV types have been described, including 96 cloned and officially designated and others identified from the sequence of polymerase chain reaction (PCR) products [4] . HPVs cloned and characterized from PCR products are termed candidatus HPVs (candHPVs) by convention and in accordance with the guidelines of the International Committee on the Taxonomy of Viruses [4] . When the candHPV genomes are cloned directly, without the use of PCR, the isolate will be called by the same name/ number, without the prefix. Priority for the isolation of that specific type will remain with the PCR-amplified genome [4] .
A partial HPV62 sequence has been reported elsewhere [5] ; however, there was some confusion with regard to the origin of the genome. On the basis of this partial sequence, HPV62 turns out to be one of the more common HPV types in the general population [6, 7] . Thus, we sought to clone and sequence the complete genome of candHPV62, using the overlapping PCR method [8] .
During the characterization and cloning of HPV62 from a single sample, we identified a candHPV62 with a frame-shift mutation in its E1 ORF, in addition to a coisogenic candHPV62 with an intact E1 ORF. In addition, analysis of the HPV database revealed disruption of the E1 ORF in the cloned genomes of HPV16, HPV53, HPV56, and HPV72. The present report describes the cloning and characterization of candHPV62 E6  8024  1  447  444  148  17.1  E7  417  423  713  288  96  10.6  E1  623  719  2677  1956  652  73.3  E2  2577  2619  3758  1137  379  43.3  E4  3199  3202  3516  312  104  11.5  L2  4201  4372  5799  1425  475  50.3  L1  5702  5777  7288  1509  503  56.5 and discusses the implication of a premature termination codon in the E1 ORF.
MATERIALS AND METHODS
A cervical sample previously identified to contain abundant HPV62 genomes was obtained from a 45-year-old woman with normal cytology who was participating in a longitudinal study of HPV and cervical neoplasia in Guanacaste, Costa Rica [6] . Informed consent was obtained from patients, and humanexperimentation guidelines of the US Department of Health and Human Services were followed in the conduct of the study protocols.
The initial overlapping PCR primer pairs were designed by use of sequences from the partial L1 region, which were amplified by use of MY09/MY11, and the most closely related HPV genomes, which were identified by use of the basic local alignment sequence tool (BLAST), as described elsewhere [8] [9] [10] . Additional primers were designed to amplify the entire genome in 3 fragments. Primer sequences are listed in table 1.
DNA amplifications were performed by use of a mixture of Gold Taq DNA polymerase (PerkinElmer Applied Biosystems) and Platinum Taq DNA Polymerase High Fidelity (Invitrogen), each at a concentration of 0.05 U/mL PCR. PCR products were separated by electrophoresis on agarose gels, were stained with ethidium bromide, and were visualized by use of UV illumination. After confirmation of appropriate product size, each PCR product was purified by use of the Qiagen Gel Extraction kit (Qiagen) and ligated into the p-GEM-T Easy vector (Promega), in accordance with the manufacturer's instructions.
The cloned fragments were sequenced with primers selected from the vector and later by use of additional primers designed by sequence walking. Sequencing was performed at the Albert Einstein College of Medicine DNA sequencing core facility. Overlapping regions were confirmed by sequencing the complementary strand, and the fragments were assembled manually. Additional primer pairs were used to determine sequence ambiguities as needed. The sequences are available from GenBank under the accession numbers AY395706 and AY428813.
Amino acid alignments were generated by use of Clustal X (version 1.81) [11] . DNA alignments were generated by use of CodonAlign (version 1.0), a program that trains DNA sequences on amino acid alignments. Maximum parsimony and maximum likelihood trees were created by use of PAUP (version 4.0 beta 10; Sinauer Associates) [12] . Bayesian trees were created by use of MrBayes (version 3.0B4).
All available HPV DNA sequences of complete HPV genomes in GenBank were aligned by ORF during the course of other projects in the laboratory. HPV genomes with any of the anticipated ORFs (i.e., E1, E2, E6, E7, L1, or L2) that were neither identified nor intact were further evaluated, to confirm that the ORF was truly disrupted in the deposited sequence. To identify sequencing errors, the E1 ORFs within the cloned genomes of HPV53 [13] , HPV56 [14] , and HPV72 [15] (provided by L. Gissmann, A. T. Lorincz, and E.-M. DeVilliers, respectively) were resequenced. Fragments containing the E1 mutant sites of these HPV types were amplified from clinical samples previously characterized to contain these types [6, 16, 17] , and the PCR products were directly sequenced. In total, 6 HPV53-containing samples, 2 HPV56-containing samples, and 4 HPV72-containing samples were evaluated. Phylogenetic tree of a-papillomavirus genus, species 3 group. The phylogenetic tree was calculated by use of the aligned nucleotide sequences of E6, E7, E1, E2, L2, and L1 open-reading frames, with MrBayes (version 3.0B4). HPV90, a member of the a-papillomavirus genus, species 15 group, was used as an out-group to root the tree. HPV, human papillomavirus.
RESULTS
Cloning and sequencing the genome of candHPV62. Complete coverage of the genome of candHPV62 was obtained by cloning 3 overlapping PCR fragments (1.3, 3.3, and 4.0 kb). After manual assembly, the genome of the intact candHPV62 was 8092 bp in length with a guanine plus cytosine content of 46.04%. However, the E1 ORF of the initially sequenced DNA fragment was noted to have a deletion of a guanine residue in a poly-G tract (nt 1227-1238; position 1 is the A of the E6 start codon), resulting in the disruption of the E1 ORF (i.e., E1*1238delG). Analysis of additional clones identified a DNA fragment with an intact E1 ORF, which is designated as the candHPV62 reference sequence (AY395706). The DNA clones and sequences of the intact candHPV62 were submitted to the Human Papillomavirus Reference Laboratory (Heidelberg, Germany).
The candHPV62 genome has the typical ORF organization noted in other sequenced genital HPVs, including the lack of an E5 ORF (table 2) . BLAST searches querying the candHPV62 L1 confirm that it is a member of the a-papillomavirus genus, species 3 group (a3) [4, 18] , which includes HPV81, HPV61, HPV72, HPV83, HPV89, HPV84, HPV87, and HPV86 (table  3) . A number of phylogenetic trees were constructed, and all resulted in a similar topology, as represented in the Bayesian tree calculated by use of the combined E6, E7, E1, E2, L2, and L1 nucleotide sequences (figure 1). Phylogenetic analyses indicated that candHPV62 was most similar to HPV81. Together with HPV61 and HPV72, they form a taxon within group A3. The other taxon within group A3 is composed of HPV86, HPV87, HPV84, HPV83, and HPV89.
Characterization of candHPV62 E1 gene. The E1 ORF within a 4.0-kb cloned genomic fragment was noted to have 11, instead of 12, guanine residues in a poly-G tract (nt 1227-1238). The E1*1238delG results in a frame-shift mutation, leading to premature termination of the E1 ORF (figure 2). To determine whether this variation occurred during PCR amplification, we performed multiple independent amplifications of a 257-bp fragment (nt 1131-1387) containing this poly-G tract. The PCR products from 2 independent reactions were sequenced. The chromatographs from all sequenced products contained a mixed population of wild-type (wt) and E1*1238delG sequences (figure 3). The sequence tracings from all amplifications were uniform until the E1*1238delG position; thereafter, a frameshifted sequence was superimposed on the wt sequence. The peak heights of the wt and mutant sequences were nearly equivalent, indicating equal proportions of the 2 isolates in the original sample. To confirm the presence of 2 populations of candHPV62 within the clinical sample, the 257-bp PCR product containing the poly-G tract was cloned, and 6 colonies containing the insert were sequenced. Four contained the wt sequence, and 2 contained the E1*1238delG, which is consistent with a nearly equivalent abundance of each genome.
Other HPV genomes containing a disrupted E1 ORF. To determine whether disruption of the candHPV62 E1 ORF was simply an incidental occurrence or perhaps may be more common, we searched all available complete HPV genome sequences in GenBank. Interestingly, we found 4 other HPV reference genomes with disrupted E1 ORFs: HPV16 (K02718), HPV53 (X74482), HPV56 (X74483), and HPV72 (X94164). The pattern of deletions and the resulting disrupted ORFs are shown in figure 2 and correspond to the following changes: HPV16 E1*1139delG, HPV53 E1*1102delC, HPV56 E1*1091delC, and HPV72 E1*2145delG, each resulting in a premature chainterminating mutation of the ORF. To investigate whether the disruption of the E1 ORF was due to a sequencing error, we resequenced the E1 region in the reference clones of HPV53, HPV56, and HPV72 obtained from the original investigators [13] [14] [15] . Resequencing demonstrated a disruption of the E1 ORF in all 3 clones, as deposited in GenBank. To establish whether HPV53, HPV56, and HPV72 types have an intact E1 ORF, we amplified and sequenced the E1 coding region in 6, 2, and 4 samples, respectively. All samples had an intact E1 ORF sequence (data not shown). The deletion in the HPV16 E1 ORF has been previously confirmed in the original cloned isolate, and additional HPV16 E1 ORFs have been sequenced, identifying an intact E1 ORF [19, 20] .
DISCUSSION
The MY09/11 region of HPV62 was sequenced in 1994 [5] . On the basis of this sequence information, probes have been designed to distinguish HPV62-specific regions in the MY09/MY11 PCR products used to detect HPV DNA in epidemiological studies [7, 21] . HPV62 was found to be 1 of the 10 most prevalent HPV types observed among women with normal Pap smears from Costa Rica and the Albuquerque, New Mexico, region [6, 7] . HPV62 was not identified in cervical intraepithelial neoplasia grade 3 or cancer. Since HPV62 was common in the general population, we isolated and sequenced the complete genome of candHPV62, using the overlapping PCR method [8] . The sequence of candHPV62 confirmed that it is a novel type belonging to a3 and closely related to HPV81. With the addition of the complete genome of HPV62 to the phylogeny of the A3 clade, there are now 9 members of this taxon within the subgroup of genital/mucosal HPV types. There appears to be substructure within this taxon in that HPV62, Figure 3 . Sequence chromatograph of a region within the E1 open-reading frame (ORF). A sequence chromatograph from a sequencing reaction of a polymerase chain reaction product containing the candHPV62 E1 ORF from the clinical sample is shown. The poly-G tract (nt 1227-1238) is shown, after which the E1*1238delG occurs in an equal portion of the viral genomes. Thereafter, the chromatograph shows a mixed population. The sequence of the wild-type (wt) and frame-shifted genome is shown below the chromatograph. The vertical arrows identify nucleotide positions with equivalent peak heights of the wt and frame-shifted genomes.
HPV81, HPV72, and HPV61 derive from a common ancestor, whereas HPV83, HPV89, HPV84, HPV87, and HPV86 derive from a related but different ancestor. Members of the A3 clade are some of the more common HPV types found in the general population and HIV-infected women [7, 17, 22] ; however, less is known of the epidemiology of HPV86 and HPV87, since they are not amplified by the MY09/MY11 primers [9] . Many of these types had been previously described as partial sequences from PCR products: HPV81 (AE7, CP8304) [23, 24] , HPV83 (PAP291) [25, 26] , HPV84 (PAP155) [10, 25] , HPV89 (AE6, CP6108) [23, 24] , and HPV86 and HPV87 [9, 27] .
Analysis of the sequence of the intact HPV62 revealed that, like other members of the A3 clade, it lacks an E5 ORF. This intergenic noncoding region has evolved to be the most diverse region of the genome of this group. HPV81 is closely related to HPV62, and they share 89% amino acid identity in their L1 ORFs. The highly conserved nature of the E7 and L2 ORFs, compared with that of the E1 ORF, between HPV81 and HPV62 is unusual. Comparison of the similarities between ORFs indicates a gradation of relatedness between the HPV62 L1 ORF and the other members of group A3 consistent with the phylogenic tree; however, the L2 ORF does not show a similar pattern of relatedness (table 3) . Instead, there seems to be a stabilization of the L2 sequence divergence.
During the characterization of candHPV62, we noted the presence of a disruption of the E1 ORF in some of the genomes studied from a single sample. We confirmed the disrupted E1 ORF by sequencing multiple independent PCR products and cloned DNA fragments containing the E1 ORF. These data indicated that the clinical sample contained an equivalent number of genomes with intact and disrupted E1 ORFs. We suggest that the most likely explanation for this observation is that, immediately after initiation of infection within an intact HPV62, 1 genome acquired a mutation in the E1 ORF during replication and was subsequently transcomplemented by the production of the E1 protein from the intact HPV62 genome. Since it is believed that a single HPV genome entering a basal cell is sufficient to establish a productive infection, it seems unlikely that encapsulated defective genomes would have simultaneously infected a cell with a wt HPV62. This would be required since it has been demonstrated that an intact E1 ORF is necessary for initiating infection but not for maintenance of viral plasmid [28] . For this reason, we also suggest that it is unlikely that the mixed population of HPV62 genomes resulted from separate lesions.
An important question is whether an HPV genome with a disrupted E1 ORF has some replication advantage over those with an intact E1 ORF, particularly since the 2 HPV62 genomes were in equivalent abundance in the clinical sample; and, unexpectedly, 4 other reference HPVs (HPV16, HPV53, HPV56, and HPV72) were also found to have frame-shift mutations resulting in premature termination codons in their E1 ORFs. The disruptions of the E1 ORFs for HPV53, HPV56, and HPV72 were confirmed in the reference genomes; however, intact E1 ORFs were identified in other clinical samples containing HPV53, HPV56, and HPV72. Therefore, disruption of the E1 ORF is an exception and not the rule for the genital HPV genomes. Topographical mapping of the disruption of the E1 ORF, in all 4 HPV type genomes, indicated that E1∧E4 splice donor sites were intact (see figure 2) . In HPV-infected cells, unspliced E1 mRNA transcripts and protein are quite low [29, 30] . Most transcripts using promoters upstream of the E1 ORF are processed and result in differentially spliced messages. The E1∧E4 spliced transcript is one of the most abundant viral mRNAs and produces the very abundant E1∧E4 protein in productively replicating cells [30] [31] [32] [33] . It has been suggested that one function of the E1∧E4 protein is to facilitate viral DNA replication [30] . Since there are a num-ber of examples in which premature termination codons in an ORF of a message result in rapid decay of the message and can also affect the abundance of different splice transcripts [34] , it is possible that the E1∧E4 splice transcript may be more abundant in cells infected with a variant containing disruption of the E1 ORF. Alternatively, other spliced RNAs, such as an E1∧E2 transcript encoding an E2 protein (which also has been associated with increased viral replication), might also be abundant [35] . Taken together with the notion that E1∧E4 and/or E2 proteins facilitate viral DNA replication, these findings suggest that there might be a selective advantage for viral mixtures containing genomes with disruption of the E1 ORF, particularly in basal cell populations. This might explain, in part, the identification of 4 cloned genital HPV genomes with disruption of the E1 ORF, since they would have had to be nearly or more abundant than the wt to have been cloned, given an equal probability of cloning. Definitive proof of transcomplementation of a mutated E1 protein will require experimentation with an in vitro HPV replication system [36] .
